The eect of dietary protein and energy content on the activity of digestive enzymes (total proteinases, trypsin, chymotrypsin a-amylase and lipase), and growth and survival of Litopenaeus setiferus postlarvae was investigated under controlled conditions. There was a clear relationship between the diet fed to the postlarvae, growth and survival. Highest weight gain (2110 96.7%) was obtained with a 400 g kg
Introduction
Study of penaeid shrimp nutrition must include research on the mechanisms of food digestion and the impact of diet on growth and survival. Recent investigations on digestive processes have focused on evaluating the ability of organisms to hydrolyse, absorb and assimilate the principal dietary nutrients. These processes can be initially examined by analysing the activity of digestive enzymes (Lee et al. 1984) . The activity of digestive enzymes can change during ontogenetic development, moulting and circadian rhythms (Van Wormhoudt et al. 1980; Lovett & Felder 1990; Le Moullac et al. 1994 . In addition, the activity of proteolytic enzymes can vary relatively to the composition of diet (Galgani et al. 1988; Kumulu & Jones 1995; Van Wormhoudt & Bellon-Humbert 1996) , as is also the case for carbohydrases (Le Moullac et al. 1994 . A relatively high requirement for dietary protein in penaeid shrimp has been documented (Akiyama et al. 1992) , but it has also been suggested that protein requirements in shrimp can be reduced by increasing dietary carbohydrate levels (Sedgwick 1979; Cousin et al. 1993) . Substitution of dietary protein with carbohydrates must also consider total dietary energy levels because there is evidence that an excess of non-protein energy (carbohydrates and lipids) can slow growth (Cho 1987) . The balance between dietary energy and protein is expressed by protein to energy ratio (P/E, mg of protein kJ )1 ). There is no single relationship between P/E ratio and growth rate because levels of either dietary protein or energy ultimately control the eect of P/E ratio on growth rate (Cuzon & Guillaume 1997 Sandifer et al. 1993 ).
Materials and methods

Experimental animals
Postlarvae were obtained from spawn of wild females captured at a depth of 7 m in the Sonda de Campeche. These females were matured and manually inseminated in the laboratory (Primavera 1978) . Larvae were fed with a diet based on diatoms (Chaetoceros ceratosporum),¯agellates (Tetraselmis chuii) and Artemia nauplii as previously described (Gallardo et al. 1995) , until they reached the postlarval stage (PL10). The PL10 shrimp were transferred to rectangular plastic tanks containing 30 L of aerated sea water, maintained at 290°C, pH 8 and dissolved oxygen greater than 5 mg L )1
. The density was 1.6 postlarvae L )1
(50 postlarvae per tank). However, 50% of the sea water was replaced daily, using natural sea water previously ®ltered through sand, a 5 lm cartridge ®lter and sterilized by UV radiation). Wild postlarvae were captured north-east of the Boca del Carmen in the Laguna de Terminos at a depth of 75 cm and were immediately frozen in liquid nitrogen and stored at )70°C until use.
Nutritional assay
Groups of PL10 were fed with each of the 10 experimental diets for 30 days in 30 white 30-L tanks. Initial average wet weight of postlarvae (3 0.2 mg) was determined by weighing 50 shrimp individually, using an analytical balance (OHAUS, 0.0001 g). Initial food ration was 120% of the biomass in each tank per day to guarantee excess of feeding. This was recalculated every 10 days, after determination of the weight of three randomly selected postlarvae per tank (9 postlarvae per diet), until the ration diminished to 60% of the biomass. This daily food ration was given to the animals three times per day at 800, 1400 and 2000 hrs. Food particle size was 250±350 lm initially and was progressively increased to 350±870 lm at the end of the experiment. After 30 days surviving postlarvae were counted, 25 organisms from each tank were weighed to obtain the ®nal mean wet weight and frozen at )70°C until use for enzymatic analysis.
Diet composition
A total of ten puri®ed diets were formulated to provide two dierent energy levels: 13.5±16.1 kJ g
)1 (low energy diets) and 18±18.6 kJ g )1 (high energy diets). For each energy level there were ®ve levels of protein (200, 300, 400, 500 and 600 g kg
). The inclusion level of dietary lipid was held constant, and total energy was adjusted by changing the level of carbohydrates (Table 1) .
Enzymatic analysis
Whole-animal homogenates of dierent groups of postlarvae were used in all assays ( Table 2 ). All the postlarvae had the digestive tract full before homogenization was made, to guarantee maximum activity of digestive enzymes. In laboratory-reared postlarvae, the samples were taken 1 h after the last feeding. In wild postlarvae only those with full guts were tested. Samples were weighed and homogenized in distilled water for a few seconds with a Polytron (Brinkman Instruments, Westbury, USA) in an ice bath. Homogenates were centrifuged at 38 650´g for 30 min at 4°C. The supernatant, free from the lipid layer, was stored at )70°C in small aliquots of 1 mL until use. Total soluble protein was measured using the BioRad test kit based on the method described by Bradford (1976) , using bovine serum albumin (BSA) as a standard. This assay is based on colour change of Coomassie brilliant blue G-250 dye in response to various concentrations of protein. For this technique dierent dilutions of the sample were made and each was tested in duplicate. To each test tube was added 10 lL of sample, 790 lL of deionized water and 200lL of the BioRad reagent followed by mixing and then, after 5± 15 min, the sample was read at 595 nm in a spectrophotometer (Beckman DU-64) ( Table 2) .
Total proteinase activity was measured using 12 mg of azocoll as substrate in 0.18 M M phosphate buer pH 7.5 in a ®nal volume of 1.5 mL, by the method of Walter (1988) . Chymotryptic activity was measured by the method described by Geiger (1988) using Suc-(Ala2)-pro-phe-4-Na as substrate. Trypsin activity was measured by the method described by Geiger & Fritz (1988) using Bz-Ile-Glu-GlyArg-4-Na as a substrate. The a-Amylase activity was measured using a commercial kit (Sigma, St. Louis, MO) based on the method of Rauscher et al. (1986) , using 4,6-ethilidene (G7)-p-nitrophenyl (G1)-a, D-maltoheptaside as the substrate. The turbidimetric method described by Neumann et al. (1984) (U mg )1 ). All enzymatic assays were carried out at least in triplicate and expressed as the mean standard error.
Statistical analysis
The multifactorial analysis of variance (MANOVA MANOVA) of 2´5 (2 for energy factor and 5 for protein factor) and the multiple range test of Duncan were used to determine the signi®cance of dierences between treatments (Sokal & Rohlf 1981) . Oneway ANOVA ANOVA and the multiple range test of Duncan were used to determine the signi®cance of dierences in weight gain in relation to the P/E ratios. A correlation matrix was also made to show the dierent associations between weight gain, survival and the activities of digestive enzymes The level of signi®cance employed was 0.05.
Results
Growth and survival
The various dietary protein and energy levels exerted a signi®cant in¯uence on the growth of postlarvae of L. setiferus (P < 0.05). Best weight gain (2110 96.7%) was obtained with 400 g kg )1 protein and 13.9 kJ g )1 energy
( Fig. 1) . The weight gain of L. setiferus increased with increment in P/E ratio, up to 28.8 mg of protein kJ )1
(P < 0.05). Above this growth was depressed (Fig. 2) . Good survival percentages values were obtained with low energy diets containing between 200 and 500 g kg )1 protein and with high energy diets containing 300±500 g kg )1 protein (Fig. 3 ).
Both, low and high energy diets containing 600 g kg )1 of protein, and the high energy with 200 g kg )1 protein diet seriously impaired survival of postlarvae (Fig. 3) . The vitamin and mineral premix was donated by Ralston-Purina de Me¨xico.
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The gross-energy values were calculated from Cuzon & Guillaume (1997) , with 21.3 k J g^1 for protein, 17.6 k J g^1 for carbohydrate and 39.5 kJ g^1 for lipid.
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Talcum powder was used as ballast. Digestive enzyme activities (experiment) Figure 4 shows the activities obtained for total proteinases, chymotrypsin, trypsin and a-amylase in the experimental postlarvae. Enzyme activity was signi®cantly in¯uenced by the interaction of dietary energy and protein (P < 0.05). A linear relationship between protein content and enzyme activity was not observed. The highest values for total proteinases, trypsin and a-amylase were obtained with the low energy, 400 g kg )1 protein diet (Fig. 4a,b ,e). The highest value for chymotryptic activity was obtained with postlarvae fed with the high energy 300 g kg )1 protein diet (Fig. 4c) .
Actual values obtained for chymotryptic activity were considerably lower than those obtained for total proteinases, trypsin and a-amylase.
Results of a correlation matrix between weight gain and digestive enzyme activities are shown in Table 3 . Only the activity of a-amylase was directly related to weight gain (r 0.63). Total protein (mg mL )1 ) was negatively associated with trypsin activity (r )0.65). Total proteolytic activity was positively correlated with trypsin (r 0.91) chymotrypsin (r 0.73) and a-amylase activities (r 0.86).
Values obtained for lipase activity, with all diets, were too low to be reliably measured with the method employed. The detection limit for the method used is 20 U mL )1 , so the lipase activity is probably lower than this value. To establish the interaction between the a-amylase and total proteinases activities, the a-amylase proteinases ratio (A/P) was calculated (Fig. 5) . In high energy diets, A/P ratio increased with increment in dietary protein and a corresponding decrement in inclusion level of dietary carbohydrates (from 586.7 to 143 g kg ). In low energy diets the highest values were reached with 400 and 500 g kg )1 of protein and 114.7 and 10 g kg )1 of dextrin, respectively. The decrement in A/P ratio of the 600 g kg
protein low energy diet, may be related to the absence of dextrin in diet.
Digestive enzyme activities (wild)
The mean weight of wild L. setiferus postlarvae captured in their natural environment was 53 mg. This weight was similar to the ®nal weight of postlarvae grown in the best experimental condition (63.3, 2.9 mg). Table 4 presents a comparison of the values for total proteinase, chymotryptic and a amylolytic activities obtained for the wild postlarvae, as compared with those of postlarvae grown on the low energy, 400 g kg )1 protein diet. Total proteinase activity was signi®cantly lower in the experimental postlarvae (P < 0.05). Chymotryptic activity in wild postlarvae was lower than in experimental postlarvae fed with diets containing 400 g kg )1
of protein and low energy (Table 4) . The value for a-amylase activity in wild postlarvae was at least two orders of magnitude higher than shrimp from the best experimental treatment and about three orders of magnitude higher than in the rest of the experimental treatments ( Fig. 4e and Table 4 ).
Discussion
The results of this work showed that variations in protein and energy levels of diets fed to L. setiferus postlarvae aected growth survival and digestive enzyme activities. Lovett & Felder (1990) showed an ontogenetic change of digestive enzyme activities in larvae and postlarvae of Asterixed proteases correlations are significant at P < 0.05. Values are in mean þ SE. Different numerals indicate significant differences (P < 0.05). ND: Not determined. L. setiferus that seems to be genetically programmed and independent of diet change, whereas other studies have shown an in¯uence of the diet on digestive enzyme activities in larvae and juvenile L. vannamei (Lee et al. 1984; Le Moullac et al. 1994 . Our results show that digestive enzyme activities can be aected by protein content of the diet. All the activities of the enzymes analysed in the present study peaked in the 400 g kg )1 protein and low energy diet, with the exception of chymotrypsin that peaked in the 300 g kg )1 protein and high energy diet. A similar lack of correlation between tryptic and chymotryptic activities has also been found in juvenile L. vannamei (Le Moullac et al. 1996) . However, it should be noted that the absolute values of speci®c activity for chymotrypsin were considerably lower than trypsin or total proteinases. There is also a clear relationship between the better growth and the enzyme activity peaks for total proteinases, trypsin and a-amylase promoted by the low energy ± 400 g kg
protein diet (Table 3) . However, only amylase activity was signi®cantly correlated with weight gain (P < 0.05). There was also a signi®cant correlation between total proteolytic activities and those of trypsin, chymotrypsin and a-amylase activities. A correlation between the protein content of the diet and digestive enzyme activities has also been shown in juvenile Palaemon serratus, Homarus gammarus and L. vannamei (Van Wormhoudt et al. 1980; Lucien-Brun et al. 1985 , Le Moullac et al. 1996 .
We found the peak of a-amylase activity to be in the experimental postlarvae fed with low energy ± 400 g kg )1
protein diet, whereas the other diets did not show signi®cant dierences. Le Moullac et al. (1996) found that the activity of this enzyme in L. vannamei decreased as the casein content in the diet increased. The same authors have suggested that the activity of this enzyme could be regulated by the total casein content, to the casein:starch ratio, or to the total energy content of the diet. Our results seen to agree with their third hypothesis, because signi®cant dierences in a-amylase activity are found in shrimps fed with diets containing dierent levels of energy but the same protein content (400 g kg )1 ).
The A/P ratio can be used to integrate the analysis of the in¯uence of changes in diet composition. Amylase and protease activities are modulated by the composition of the diet (Laubier-Bonnichon et al. 1977; Van Wormhoudt et al. 1980; Lucien-Brun et al. 1985; Le Moullac et al. 1994) increasing with respective increases in dietary carbohydrates or proteins. When the optimal percentage values have exceeded, around 5±10% for carbohydrates and 40±50% for proteins, their respective activities begin to decrease (Ceccaldi 1997) . In this study the decrement in inclusion level of dextrin in high energy diets could have resulted in the increment in A/P ratio. Induction of a-amylase activity could be possible. However, A/P ratio values of low energy diets changed without any speci®c trend. But in the 600 g kg )1
protein diet, A/P ratio diminished in comparison with the same protein level at high energy. As suggested by Ceccaldi (1988) , food composition presumably acts on nucleic acids in crustacea, particularly on the level of messenger RNA encoding digestive enzymes. It is necessary to know if relative changes in the activities of these enzymes are caused by changes in the isoforms of the enzymes as Van Wormhoudt et al. (1980) reported for other species of crustacea.
A comparison of enzyme activity between wild postlarvae and experimental postlarvae fed with the low energy ± 400 g kg )1 protein diet (Table 4) shows that high chymotryptic activity was found in the experimental postlarvae. This increase could be caused by an inducing eect of the casein present in the diet, as suggested by Le Moullac et al. (1996) for L. vannamei. In contrast a-amylase activity was much higher in wild postlarvae than in any experimental group. Although this enzyme plays a crucial role in the digestion of starch and glycogen, the relative importance of glycogen in the diet of L. setiferus could be minor, and the presence of high levels of a-amylase activity could be related mainly to the digestion of starch. We have not determined the actual type of food ingested by wild postlarvae before capture, but it has been reported that postlarvae of L. setiferus may consume more food of vegetable rather than animal origin. Consequently this species has been classi®ed as omnivorous with a herbivorous bias (Minnelo & Zimmerman 1991; McTigue & Zimmerman 1991) . The low level of aamylase activity found in the experimental postlarvae is surprising. The inclusion of dextrin rather than starch in experimental diets could explain these results, but no de®nitive information is available. Some authors conclude that dextrins are as good as starch as an energy source for penaeid shrimps (Abdel-Rahman et al. 1979; Pascual et al. 1983) . Dierent sources of carbohydrates need to be compared in future studies. The results of this study suggest that the requirement for dietary protein in L. setiferus postlarvae was 400 g kg )1 of protein.
In addition the protein requirement is related to the total energy content of diet. Best growth and high digestive enzyme activities coincide with the low energy ± 400 g kg
protein diet. Postlarvae fed with a diet with the same protein content and a higher energy level obtained a ®nal weight gain 1.7 times lower.
In this study the apparent optimal P/E ratio for postlarvae of L. setiferus was 28 mg of protein kJ )1 . This P/E ratio is the same as that estimated for P monodon (28 mg of protein kJ )1 ), by Hajra et al. (1988) and Alava & Pascual (1987) , and higher than reported for L. vannamei (20 mg of protein kJ )1 ) (Cousin et al. 1993) . As with L. vannamei, the L. setiferus postlarvae exhibited growth depression when P/E values exceeded the optimum. It is also clear from our results that dietary carbohydrates cannot completely substitute for protein because the weight gain obtained with diets containing 200±300 g kg )1 protein (337 and 226 g kg )1 dextrin content, respectively) were signi®cantly lower. Negative eects of excess dietary carbohydrates on growth (Condrey et al. 1972; Bages & Sloane 1981) and on some morphological characteristics (Pascual et al. 1983 ) have been documented in penaeid shrimps. On the other hand, a negative eect of extreme protein: carbohydrate ratio values have been shown in this work. Postlarvae fed with 500±600 g kg )1 protein with 13 and 0 g kg )1 of dextrin showed signi®cantly lower weight gain than those fed with diets with the same protein contents but with 254 and 143 g kg )1 dextrin, respectively. Postlarvae fed a high energy ± 200 g kg )1 protein diet (587 g kg )1 dextrin content) showed signi®cantly lower weight gain and greatly reduced survival in comparison with postlarvae fed on a low energy ± 200 g kg )1 protein diet (337 g kg )1 dextrin content).
As the lowest survival values were observed in postlarvae fed with 600 g kg )1 of protein and either high and low energy diets it was inferred that an excess of this nutrient in the diet altered the physiological condition of the shrimp. Rosas et al. (1995 Rosas et al. ( , 1996 reported a signi®cant increment in oxygen consumption and ammonia excretion in postlarvae of the same species fed with 600 g kg )1 protein diets. Rosas et al. (1995) showed that L. setiferus postlarvae used the protein as a metabolic energy substrate when they were fed 600 or 650 g kg )1 dietary protein. We can conclude that the high mortality values obtained in experimental postlarvae may be related to the toxic eect of haemolymph ammonia produced as a consequence of dietary protein catabolism. Ammonia-N may aect various metabolic processes such as oxygen transport and osmotic pressure, which may compromise the normal functioning of the shrimp aecting the growth rate and survival (Schmitt & Santos 1999) .
In conclusion, the protein requirement of L. setiferus postlarvae is approximately 400 g kg )1 of protein which is lower than L. schmitti postlarvae (600 g kg )1 , Garcõ Âa & Galindo 1990; Gaxiola 1991) and higher than reported for L. vannamei postlarvae (300±350 g kg )1 , Colvin & Brand 1977) . The optimal P/E ratio for L. setiferus postlarvae is 28 mg of protein kJ )1
. The carbohydrate requirement of L. setiferus postlarvae is around 120 g kg )1 and is lower than reported for other penaeid postlarvae, which is around 200 g kg )1 (Bautista 1986; Gaxiola 1991) .
